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A series of six bimetallic oxovanadium complexes (1–6; only one was purified) were
investigated by electrospray quadrupole time-of-flight tandem mass spectrometry (ESI-QTOF-
MS/MS) in negative-ion mode. Radical molecular anions [M] ·  were observed in MS mode.
Fragmentation patterns of [M]·  were proposed, and elemental compositions of most of the
product ions were confirmed on the basis of the high-resolution ESI-CID-MS/MS spectra. A
complicated series of low-abundance product ions similar to electron impact (EI) ionization
spectra indicated the radical character of the precursor ions. Fragment ions at m/z 214, 200, and
182 seem to be the characteristic ions of bimetallic oxovanadium complexes. These ions
implied the presence of a V–O–V bridge bond, which might contribute to stabilization of the
radical. To obtain more information for structural elucidation, three representative bimetallic
oxovanadium complexes (1–3) were analyzed further by MS in positive-ion mode. Positive-ion
ESI-MS produced adduct ions of [M  H], [M  Na], and [M  K]. The fragmentation
patterns of [M  Na]  were different than those of radical molecular anions [M]·. Relatively
simple fragmentation occurred for [M  Na], possibly due to even-electron ion character.
Negative-ion MS and MS/MS spectra of the hydrolysis product of Complex 1 supported these
finding, in particular, the existence of a V–O–V bridge bond. (J Am Soc Mass Spectrom 2008,
19, 1247–1254) © 2008 American Society for Mass SpectrometryOxovanadium complexes have played activeroles in the fields of pharmaceutical researchand organic synthesis. These complexes ex-
hibit attractive promise as orally available treatments
for diabetes mellitus and also have a number of
applications as catalysts in various oxidation reac-
tions [1–10]. Recently, some oxovanadium comp-
lexes, especially bimetallic oxovanadium comp-
lexes of chiral Schiff bases reported by Gong’s group,
were shown to provide high enantioselectivity for
the oxidative coupling of 2-naphthols, which play
very important roles in the history of asymmetric
synthesis [11–17].
Structural characterization of the bimetallic oxovana-
dium complexes is key to the further development of
their functions. Nuclear magnetic resonance (NMR)
spectroscopy (1H and 51V) can provide abundant infor-
mation for structural analyses of bimetallic oxovana-
dium complexes. Unfortunately, NMR measurements
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doi:10.1016/j.jasms.2008.06.003require pure samples, which are difficult to obtain for
most bimetallic oxovanadium complexes [17]. X-ray
crystallographic analyses require the production of
monocrystals, which limits the applicability of this
technique for structural characterization. Furthermore,
UV, IR, and ESR spectroscopy offer only limited struc-
tural information [18]. Obviously, a method that pro-
vides abundant structural information without labori-
ous purification would be highly desirable for the
structural characterization of the bimetallic oxovana-
dium complexes.
Mass spectrometry (MS) has greatly benefited
from the development of electrospray ionization (ESI)
and has been applied successfully in various fields. A
series of simple oxovanadium complexes has been
studied by ESI-MS [19 –24]. Recently, Zeng et al.
reported the fragmentation study of monometallic
oxovanadium Schiff base complexes by ESI-IT-MSn
[25]. However, it seems not to obtain the information
of uniform fragmentation patterns, except for the loss
of CO2. Surprisingly, in our recent work, the [M]
·
radical ions of bimetallic oxovanadium complexes
were observed for the first time in negative-ion mode,
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mechanism [17].
To obtain sufficient fragmentation information for
the structural elucidation of more bimetallic oxova-
nadium complexes, and to understand the radical
behavior in the gas phase during the CID MS/MS
experiments with potential extension to insight into
the radical-based reaction mechanism, the ionization
and fragmentation of six ionic bimetallic oxovana-
dium complexes of chiral Schiff bases were studied
by electrospray ionization quadrupole time-of-flight
mass spectrometry (ESI-QTOF) in negative-ion mode
(three complexes were also studied in positive-ion
mode). Characteristic fragment ions and uniform
fragmentation patterns were elucidated.
Figure 1. Structures of bimetallic oxovanadium Complexes 1–6.
Figure 3. MS/MS spectra of oxovanadium Com
at m/z 614 (collision energy at 35 eV), (b) selected
(c) selected [M  H2O-H] at m/z 631 (collision enerExperimental
Chemicals and Samples
HPLC-grade acetonitrile was purchased from Fisher
Scientific (Pittsburgh, PA), thrice-deionized water from
Figure 2. MS spectra of oxovanadium Complex 1 and the
hydrolysis product of 1. (a) Complex 1 in negative-ion mode
([M]· at m/z 614). (b) Complex 1 in positive-ion mode ([M 
H] at m/z 615, [M  Na] at m/z 637, [M  K] at m/z 653). (c)
Hydrolysis product of 1 in negative-ion mode ([M  H2O-H]
at m/z 631, [M  H2O-2H  Na] at m/z 653, [M  H2O-
2HK] at m/z 669).
1 and hydrolysis product of 1: (a) selected [M]·
Na] at m/z 637 (collision energy at 20 eV), and
plex
[Mgy at 10 eV).
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bration standards from Agilent Technologies (Palo
Alto, CA). AR-grade chloroform from Bodi Corp. (Tian-
jin, China) was used for dissolution of samples, which
were then diluted with acetonitrile before introduction
to the mass spectrometer. The bimetallic oxovanadium
complexes were synthesized in Gong’s laboratory. Only
Complex 1 was purified and its structure was con-
firmed by 1H, 13C, and 51V NMR spectra. A pure sample
was difficult to achieve for the other complexes. The
structures of Complexes 1–6 are shown in Figure 1.
Oxovanadium Complexes 1, 2 were prepared by con-
densation of 3,3=-diformyl-2,2=-dihydroxy-2-phenol
with (S)-amino acids and vanadyl sulfate. Complexes
3–6 are H8-BINOL-based bimetallic chiral oxovanadium
complexes.
Instrument
High-resolution experiments were performed on a
Bruker BioTOF-Q mass spectrometer (Billerica, MA) in
both positive and negative modes. Accurate masses of
fragment ions were determined by external mass cali-
bration using the mass calibrants of MW 622.0290 and
922.0098 in the positive mode and of MW 431.9823,
601.9790 and 1033.9870 in the negative mode. Another
injector was used to introduce the mass calibrants into
MS, shortly after introducing the samples. High-purity
nitrogen gas at a pressure of 30 psi was used as
collision, nebulizer, and auxiliary heated gas. The sam-
ples introduction rate was 115 L/h. The ESI sourceScheme 1. Major neutral losses frconditions in the positive and negative modes were as
follows: capillary V, 4500 V (positive), 4000 V (nega-
tive); end plate voltage, 4000 V (positive), 3500 V
(negative); capillary exit voltage, 120 V; and the dry gas
temperature, 150 °C. The collision energy was opti-
mized according to the signal.
Results and Discussion
MS and MS/MS of Complex 1
The MS and MS/MS experiments for Complex 1
were performed in both positive- and negative-ion
modes. The radical molecular anions [M]· at m/z
614 were detected in negative-ion mode with
strong absolute abundance (Figure 2a). The fragmen-
tation of m/z 614 yielded fragment-rich product ions
(Figure 3a). The major fragmentation patterns are
shown in Scheme 1. The loss of a CO2 molecule from
Complex 1 occurs readily. The loss of an H2O mole-
cule possibly involves two intermediates that also
play substantial roles in the production of other
fragment ions. Intermediate I is likely formed by
hexagonal hydrogen rearrangement and further pro-
duces intermediate II by a retro-1,1-insertion reac-
tion. The fragmentation of the amino acids part of
Complex 1 was complicated, and a series of low-
abundance peaks similar to the electron impact (EI)
ionization spectrum were observed. The series of
peaks likely indicates the radical character of the
precursor ion [M]· at m/z 614.om oxovanadium Complex 1.
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ion [M]· at m/z 614 were postulated on the basis of
high-resolution MS/MS spectra (Scheme 2). By combin-
ing Schemes 1 and 2, the processes for the formation of
most product ions could be elucidated. The exact
masses of major fragment ions supported this analysis
(Table 1). Notably, the low-mass fragment ions at m/z
214, 200, and 182 appeared to be the characteristic ions,
and their possible elemental compositions correspond
to V2O7, C3NV2O3, and V2O5, respectively. These ions,
including the structure of V–O–V bridge, implied the
Scheme 2. Possible fragmentation pathways
Complex 1. Pathways were postulated from ESIpresence of a V–O–V bridge bond. The radical molecu-lar ions [M]· were not observed for monometallic
oxovanadium complexes [25], so the V–O–V bridge
bond might contribute substantially to the stabilization
of the radical. Incidentally, the fragment ions of m/z 614
with high relative abundance were odd-electron ions,
except for m/z 200 (Table 1).
Positive-ion ESI-MS revealed adduct ions of [M 
H] at m/z 615, [M  Na] at m/z 637, and [M  K]
at m/z 653 (Figure 2b). In the MS/MS spectrum of the
precursor ion [M  Na] at m/z 637, neither a series
of low-abundance peaks similar to the EI spectrum
e selected [M]· at m/z 614 for oxovanadium
F-MS/MS spectra.of th
-QTOnor low-mass characteristic ions were observed
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even-electron ions (Table 2). Compared with the
fragmentation of m/z 614, the fragmentation patterns
of m/z 637 were simple. For example, the losses of 68,
69, and 70 Da occurred during the fragmentation of
m/z 614, but only the loss of 68 Da occurred for m/z
637 (Table 2).
Scheme 3. Major fragmentation pathways of the hydrolysis
Table 1. Major fragment ions from oxovanadium complex 1 in
at 35 eV)
Fragment ions Formula
[M]· C26H28O9N2V2
[M-44]· C25H28O7N2V2
[M-44-18]· C25H26O6N2V2
[M-44-44]· C24H28O5N2V2
[M-44-44-18]· C24H26O4N2V2
[M-44-83]· C20H19O7NV2
[M-44-18-68]· C20H18O6N2V2
[M-44-95]· C19H19O7NV2
[M-44-98]· C19H18O6N2V2
[M-44-44-69] C19H19O5N2V2
[M-44-98-18]· C19H16O5N2V2
[M-44-44-83]· C19H19O5NV2
[M-44-44-18-68]· C19H18O4N2V2
[M-44-44-18-83]· C19H17O4NV2
[M-44-44-18-85]· C19H15O4NV2
[M-44-44-18-95]· C18H17O4NV2
[M-44-44-18-97]· C18H15O4NV2
[M-44-44-18-83-18]· C19H15O3NV2
[M-44-98-68]· C14H10O6N2V2
[M-44-44-69-84]· C14H9O5NV2
[V2O7]
· V2O7
[C3NV2O3]
 C3NV2O3
[V2O5]
· V2O5
Table 2. Major fragment ions from oxovanadium complex 1 in
at 20 eV)
Fragment ions Formula
[M  Na] C26H28O9N2V2Na
[M  Na-44] C25H28O7N2V2Na
[M  Na-44-18] C25H26O6N2V2Na
[M  Na-98] C20H18O8N2V2Na
[M  Na-44-68] C20H20O7N2V2Na
[M  Na-44-18-68] C20H18O6N2V2Na
[M  Na-44-95] C19H19O7NV2Naproduct of oxovanadium Complex 1.In the MS spectrum of the hydrolysis product of
Complex 1, three major peaks that possibly correspond
to [M  H2O-H]
 at m/z 631, [M  H2O-2HNa]
 at
m/z 653, and [M  H2O-2H  K]
 at m/z 669 were
observed, in addition to the ion at m/z 614 (Figure 2c).
The relatively simple MS/MS spectrum of the precursor
ion [M  H2O-H]
 at m/z 631 indicated the even-
ive-ion mode and their elemental constituents (collision energy
alculated Observed Error (ppm)
14.0680 614.0669 1.78
70.0781 570.0789 –1.29
52.0676 552.0670 0.97
26.0883 526.0882 0.14
08.0777 508.0783 –1.05
87.0046 487.0049 –0.62
84.0050 484.0066 –3.49
75.0046 475.0053 –1.32
72.0050 472.0062 –2.70
57.0179 457.0150 6.20
53.9944 453.9942 0.45
43.0148 443.0177 –6.46
40.0151 440.0147 1.01
25.0042 425.0035 1.64
22.9886 422.9898 –2.87
13.0042 413.0016 6.26
10.9886 410.9886 –0.02
06.9937 406.9929 1.88
03.9424 403.9427 –0.92
72.9365 372.9351 3.97
13.8529 213.8549 –9.40
99.8763 199.8766 –1.53
81.8630 181.8650 –10.5
ive-ion mode and their elemental constituents (collision energy
Calculated Observed Error (ppm)
637.0566 637.0579 –2.06
593.0668 593.0657 1.94
575.0562 575.0522 6.97
538.9835 538.9837 –0.39
525.0042 525.0058 –3.06
506.9936 506.9936 0.01
497.9933 497.9911 4.50negat
C
6
5
5
5
5
4
4
4
4
4
4
4
4
4
4
4
4
4
4
3
2
1positScheme 4. Loss of the CH2O molecule when R includes phenyl.
[V2O5] V2O5 181.8630 181.8635 –2.31
1252 WU ET AL. J Am Soc Mass Spectrom 2008, 19, 1247–1254Figure 4. MS/MS spectra of oxovanadium Complex 2: (a) selected [M]· at m/z 742 (collision energy
at 35 eV), and (b) selected [M  Na] at m/z 765 (collision energy at 30 eV).Figure 5. MS/MS spectra of oxovanadium Complex 3: (a) selected [M]· at m/z 694 (collision energyTable 3. Major fragment ions from oxovanadium complex 2 in negative-ion mode and their elemental constituents (collision energy
at 35 eV)
Fragment ions Formula Calculated Observed Error (ppm)
[M]· C34H28O11N2V2 742.0578 742.0583 –0.69
[M-30]· C33H26O10N2V2 712.0472 712.0471 0.21
[M-44]· C33H28O9N2V2 698.0680 698.0686 –0.85
[M-44-18]· C33H26O8N2V2 680.0574 680.0577 –0.42
[M-44-30]· C32H26O8N2V2 668.0574 668.0572 0.27
[M-44-44]· C32H28O7N2V2 654.0781 654.0761 3.13
[M-44-44-18]· C32H26O6N2V2 636.0676 636.0686 –1.63
[M-44-134] C24H18O8N2V2 564.9948 564.9965 –2.94
[M-44-18-121] C25H17O7N2V2 558.9921 558.9920 0.15
[M-44-147]· C24H19O8NV2 550.9995 551.0007 –2.05
[M-44-18-132]· C24H18O7N2V2 547.9999 547.9995 0.72
[M-44-159]· C23H19O8NV2 538.9995 539.0024 –5.29
[M-44-44-134]· C23H18O6N2V2 520.0050 520.0014 6.80
[M-44-44-147]· C23H19O6NV2 507.0097 507.0059 7.56
[M-44-44-18-134]· C23H15O5N2V2 501.9944 501.9955 –2.16
[M-44-44-18-147]· C23H17O5NV2 488.9991 488.9965 5.45
[V2O7]
· V2O7 213.8529 213.8541 –5.59
[C3NV2O3]
 C3NV2O3 199.8763 199.8773 –5.03
·at 39 eV), and (b) selected [M  Na] at m/z 717 (collision energy at 25 eV).
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uct ion at m/z 315 and the lack of low-mass character-
istic ions indicated the cleavage of the V–O–V bridge
bond due to hydrolysis (Scheme 3).
MS and MS/MS of Complexes 2–6
For Complex 2, the radical molecular anion [M]· at m/z
742 and the positive adduct ions of [MH] atm/z 743,
[M  Na] at m/z 765, and [M  K] at m/z 781 were
observed. As well as Complex 1, the relative intensity of
the sodium adduct is the highest in positive-ion mode
(Supporting Information, which can be found in the
electronic version of this article). The fragmentation
pattern of the precursor ions [M]· at m/z 742 was very
similar to that of m/z 614 in Complex 1. A series of
low-abundance peaks similar to the EI spectrum and
low-mass characteristic ions at m/z 214, 200, and 184
were observed in the MS/MS spectrum of m/z 742
(Figure 4a). The only fragmentation difference between
m/z 742 in Complex 2 and m/z 614 in Complex 1was the
obvious loss of a CH2O molecule from m/z 742. A
possible reason for this difference is that the double-
bond formed by the loss of a CH2O molecule is stabi-
lized by phenyl during the fragmentation of m/z 742 in
Complex 2 (Scheme 4). The fragmentation patterns of
Complexes 3–6 in negative-ion mode supported this
hypothesis; i.e., when R included phenyl, the loss of the
CH2Omolecule was obvious. As expected, the fragmen-
tation patterns of [M  Na] at m/z 765 was simple
compared with that of m/z 742 (Figure 4).
In summary, in positive- or negative-ion mode (partic-
ularly in negative-ion mode), the fragment mechanisms of
Complexes 2–6 were in accordance with that of Complex
1. Spectra are shown in Figures 4 and 5 and Supporting
Information. The exact masses of major product ions are
Table 4. Major fragment ions from oxovanadium complex 3 in
at 39 eV)
Fragment ions Formula
[M]· C32H36O9N2V2
[M-44]· C31H36O7N2V2
[M-44-18]· C31H34O6N2V2
[M-44-44]· C30H36O5N2V2
[M-44-56]· C27H28O7N2V2
[M-44-44-18]· C30H34O4N2V2
[M-44-69]· C27H29O7NV2
[M-44-18-54]· C27H28O6N2V2
[M-44-81]· C26H29O7NV2
[M-44-84]· C26H28O6N2V2
[M-44-44-55] C25H25O6N2V2
[M-44-84]· C26H26O5N2V2
[M-44-44-69]· C26H29O5NV2
[M-44-44-71]· C26H27O5NV2
[M-44-44-18-69]· C26H27O4NV2
[V2O7]
· V2O7
[C3NV2O3]
 C3NV2O3
[V2O5]
· V2O5listed in Tables 3 and 4 and Supporting Information.Conclusions
The information obtained from respective fragmenta-
tion experiments will be especially valuable for the
rapid identification of bimetallic oxovanadium com-
plexes, which are very difficult to purify. The finding of
stable radical molecular ions [M]· might provide a
series of type complexes for studying the character of
radical. The behavior of the radical in the gas phase
during the CID MS/MS experiments is of scientific
interest. Combined information from the fragmentation
of radical molecular ion [M]· and the corresponding
hydrolysis product contributes to the understanding of
the structure and character of bimetallic oxovanadium
complexes and might facilitate the design of new bime-
tallic oxovanadium catalysts. Further studies in this
field are being carried out in our laboratory.
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